Investigations into the chemical constituents of the seeds of the neglected tuber crop Pachyrhizus tuberosus (Leguminosae) resulted in the isolation of seven components: five rotenoids [12a-hydroxyerosone (1), 12a-hydroxydolineone (2), erosone (3), 12a-hydroxyrotenone (4) and rotenone (6)], a phenylfuranocoumarin [pachyrrhizine (5)] and an isoflavanone [neotenone (7)]. The compounds were isolated using several chromatography techniques and characterized and verified by NMR and HPLC/MS. The MTT assay was used to examine the selective cytotoxic effects of the methanolic P. tuberosus extract and isolated compounds in two human cancer cell lines [breast (MCF-7) and colorectal (HCT-116)] and in non-transformed human fibroblasts (MRC-5); IC 50 values were calculated. The methanolic P. tuberosus extract displayed respectable cytotoxic effects against HCT-116 and MCF-7 cells with IC 50 values of 7.3 and 6.3 μg/mL, respectively. Of the compounds, 6 exacted greatest cytotoxicity and selectivity towards the cancer cell lines tested, yielding IC 50 values of 0.3 μg/mL against both MCF-7 and HCT-116 cells, and a 6-fold reduced activity against MRC-5 fibroblasts. Compound 4 also demonstrated cytotoxicity against MCF-7 and HCT-116 (1.1 and 1.8 μg/mL, respectively), and reduced cytotoxicity towards MRC-5 cells (7.5 μg/mL). The results revealed from the in vitro cytotoxic MTT assay are worthy of further antitumor investigation.
Pachyrhizus tuberosus (Lam.) Spreng. (Leguminosae), also known as the Amazonian yam bean, is a tuber crop native to South America. It is cultivated in the Amazonian region, as well as in some parts of West Africa for its nutritious edible roots [1a,1b] . The oil and protein gathered from the seeds are of good quality comparable with that of soybean [1c] . However, the presence of high levels of isoflavonoids (isoflavones and rotenoids) might be cause for concern. There is a long-standing interest in rotenoid use as fish poison to facilitate restocking of waters with different fish species and indigenous fishing [1d,1e] .
Isoflavonoids and their subgroup rotenoids are characteristic constituents of several tropical leguminous genera such as Lonchocarpus [2a] , Derris, Amorpha, Tephrosia [1e] , and Pachyrhizus (most of the rotenoids described before 2005 are listed in a comprehensive review by Maurya and Yadav [2b] ). Among biological activities reported, rotenoids from a related species, P. erosus, showed activity against Herpes Simplex virus [3a] and anti-osteoporotic function in a rat model [3b] . Rotenoids isolated from P. erosus are classified as mild toxins in humans. They interfere with the mitochondrial electron transport from NADH to ubiquinone-10 by inhibiting NADH: ubiquinone oxidoreductase [3c] . Rotenoids have been proposed as chemopreventive drugs due to their inhibition and down-regulation of ornithine decarboxylase activity [3d] . Rotenoids have been shown to be cytotoxic to human epithelial breast cancer cells (MCF-7), possibly due to the above mentioned complex-I inhibition [2a] . While the related P. erosus has been thoroughly characterized chemically in relation to its rotenoid composition [1c,4,5a-5c,6] , P. tuberosus is a much less investigated species [7a] . In our effort to find sources of isoflavonoids in neglected legumes using immunoaffinity chromatography sample clean-up with immobilized antibodies against BSA-genistein conjugates, we have reported high content of genistein and other isoflavones [7b,7c] but also other unknown isoflavonoid structures in P. tuberosus that were shown later to be rotenoids [7d] . The main aim of this work is the characterization of rotenoid constituents from the extract of P. tuberosus and evaluation of their ability to inhibit proliferation of human breast adenocarcinoma MCF-7 and colorectal carcinoma HCT-116 cell lines, and normal lung fibroblasts MRC-5.
Isolation and characterization of the constituents:
In the frame of this study, five rotenoids [12a-hydroxyerosone (1), 12ahydroxydolineone (2), erosone (3), 12a-hydroxyrotenone (4) and rotenone (6) ], one phenylfuranocoumarin [pachyrrhizine (5)] and one isoflavanone [neotenone (7)] were isolated from the seed extract of P. tuberosus. The structures of the isolated compounds (shown in Figure 1 together with numbering of atoms) were determined by detailed analyses of 1 H and 13 C NMR spectra and by comparison with NMR data previously published. Although our data showed generally good agreement with the literature, its presentation (Tables 1 and 2) is useful since spectra were obtained NPC Natural Product Communications at higher frequency. In some cases we could complete missing values, correct the structural assignment of 13 C signals and make unequivocal assignment of signals described previously as mutually interchangeable. The high-resolution ESI-MS of HPLC/MS peaks showed corresponding molecular adducts [M+H] + . Five of the identified compounds were found in the same extract by Magalhaes et al. [7a] , who reported the presence of 2, 3, 5, 6 and 7, but also the related dolineone and one other 3-phenylcoumarin. In the case of compounds 1 and 4, this is the first evidence of their presence in P. tuberosus, although they have been found already in the related P. erosus [10] .
In vitro activity of rotenoids against cancer cell lines:
The extract exhibited relatively potent cytotoxic effects against both human cancer cell lines, with IC 50 values of 6.3 and 7.3 μg/mL for MCF-7 and HCT-116 cells, respectively; in contrast, the IC 50 value against normal lung fibroblasts (MRC-5) was more than 3-fold higher (Table 3) . It has been shown that, like the methanol extract, the five isolated compounds caused damage to the normal human fibroblast cell line at concentrations at least 2-fold higher than concentrations affecting both cancer cell lines; among them, compound 6 was found to be the most potent cytotoxic agent with IC 50 values of 0.28 and 0.32 μg/mL against HCT-116 and MCF-7, respectively. In contrast, the concentrations causing toxicity to normal human cells were 6-to 7-fold higher (IC 50 value 1.86 μg/mL). Previously, compound 6 was considered a pro-carcinogenic agent [11a] , but has recently been shown to induce apoptosis in various cancer cells [2a, 11b] .
Very promising IC 50 values were obtained for compound 7 with 5-and almost 3-fold greater potency against HCT-116 and MCF-7, respectively (IC 50 values 3.7 and 7.7 μg/mL) compared with MRC-5 fibroblasts (shown in Table 3 ). Isoflavanone 7 does not belong to the rotenoid class of commonly known toxic agents, but probably, due to structural similarities, its inhibitory activity against cancer cells was verified. Compound 4 showed mild inhibitory activity towards non-cancer MRC-5 cells with an IC 50 value 7.5 μg/mL, but much more potent inhibition of MCF-7 and HCT-116 cell proliferation was observed represented by IC 50 values of 1.1 and 1.8 μg/mL, respectively.
Compound 2 was the least toxic of all the isolated rotenoids with IC 50 values of 17.4 and 23.0 μg/mL against cancer cell lines (MCF-7 and HCT-116) and 40.7 μg/mL against MRC-5 fibroblasts. Rotenoids from P. erosus have been previously investigated for in vitro growth inhibitory effects; 1, 2, 4 and 6 were evaluated, but only 4 and 6 exhibited potent non-specific activity at an effective dose 50 < 0.3 μg/mL [10] . This is in accordance with our results, confirming that compounds 6 and 4, but not 2 possess cytotoxic potential; moreover, 4 demonstrated more potent antiproliferative activity against human fibrosarcoma than 6 after 24 h treatment [11c]. The crucial presence of a hydroxy group at position 12 in rotenoids could explain antiviral activity [3a] ; however, the results of our study confirmed that it is not crucial for cytotoxicity because compound 2, possessing a hydroxy group at position 12, was the least toxic of all compounds studied. As to further structure-activity relationships, the importance of A-ring substituents in rotenoidmediated toxicity was assessed [10] . As 4 and 6 have equivalent A ring 2,3-dimethoxy-substituents ( Figure 1 ) and they were both relatively potent cytotoxic agents, this study supports the assumption that 2,3-dimethoxy-substitution within the A ring promotes high antitumor activity, but the activity diminishes when the substituents are superseded by a methylene-bridge [11d].
Compound 5 possessed similar inhibitory activity to the P. tuberosus methanol extract in normal human fibroblasts (MRC-5 IC 50 24.3 μg/mL); however, the toxicity to cancer cell lines is significantly greater with IC 50 values of 12 and 13 μg/mL to HCT-116 and MCF-7, respectively (Table 3) . Another cytotoxicity study examining the activity of compound 5 against different cancer cell lines found similar results -only mild inhibition with IC 50 values between 5 and 50 μg/mL [10] . The results showed that compound 5 was not the active cytotoxic principle of the extract. To the best of our knowledge, this is the first report of the cytotoxicity of compound 7. Our results demonstrate that 4, 6 and 7 possess potent selective inhibitory activity against MCF-7 and HCT 116 cancer cell lines whilst exerting comparably lower toxicity towards normal MRC-5 fibroblasts. Further comprehensive in vivo studies and placebo controlled animal and clinical trials must be conducted in order to justify the use of rotenoids in the treatment of cancer.
Experimental

Plant material and extraction:
The seeds of P. tuberosus, obtained as a generous gift from the National Institute for Agrarian Innovation (INIA) in Pucallpa, Peru, verified by botanist M. Z. Clavo Peralta from Regional Herbarium of Veterinary Institute for Tropical and High Altitude Research (IVITA), Pucallpa, Peru, were dried in a laboratory dryer (temperature not exceeding 60°C) and kept sealed in a dark and oxygen-free environment. Before extraction, the seeds were pulverized in a laboratory mill. Extraction was carried out with a Soxhlet type extractor using 90% aqueous methanol. After 60 min the solvent was removed under vacuum in a rotary evaporator. The residue was subsequently diluted in mobile phase and filtered through a Whatman 0.45 μm PTFE syringe filter.
General: NMR, Bruker AVANCE 600; High-resolution MS, LTQ Orbitrap XL hybrid mass spectrometer equipped with an ESI ion source and coupled to an HPLC consisting of a Rheos 2200 gradient HPLC pump, HTS PAL autosampler, and DeltaChrom™ CTC 100 column oven. HPLC-DAD utilized a Dionex Summit system equipped with a P680 quaternary gradient pump, TCC-100 thermostated column compartment and diode array detector UVD 340U. Binary gradient elution was used using 100% acetonitrile (ACN) and 0.1% trifluoroacetic acid (TFA) as the mobile phase at a ratio of 15:85 rising to 70:30 over 40 min; the flow rate was 0.8 mL/min. Immunoaffinity sample clean of the extract using 1 mL packed cartridges showed the presence of many isoflavonoids with cross-reactivity with our antibodies. Thus, active compounds were isolated by means of flash chromatography and semi-preparative HPLC chromatography. Rotenone (Fluka, Sigma Aldrich, St. Louis, Mo, USA) was used as an analytical standard and a standard in the bioassays. Structures of the constituents were elucidated using HPLC/MS and NMR spectroscopic techniques. Activity of extract and isolated pure compounds was tested against the 3 human cell lines. Semi-preparative HPLC was carried out using the analytical system described above with a Phenomenex C18 column (Luna 250×10 mm, 15 μm particle size, 100A). Flow was set to 3 mL/min, column temperature 35°C and 10 mg of sample was loaded in each chromatographic run. Gradient dilution was similar to that of analytical separation, substituting ACN with MeOH.
Immunoaffinity chromatography sample clean-up (IAC):
Four specific immunosorbents were used, containing Affi-Gel 10 (Bio-Rad Labs., USA)-bound polyclonal rabbit antibodies against the following bovine serum albumin conjugates: Gen-7-CM-BSA, Daid-7-CM-BSA, BiochA-7-CM-BSA and Gen-4'-CM-BSA, specific against soy isoflavones: genistein, daidzein and biochanin A. These sorbents showed high specificity for the parent isoflavone molecule yet some degree of cross-reactivity with other isoflavonelike structures. The solid phase extraction (SPE) method, as well as sorbent preparation was previously described [8e]. Each 1 mL SPE column was packed with 100 mg of sorbent. The column was conditioned with 7 mL phosphate-buffered saline (PBS). Sample was diluted 1:10 in PBS, loaded and washed with 2 mL PBS followed by 2 mL 25% MeOH. Samples were eluted using 3 mL 90% MeOH. The eluate from the last step was evaporated at 37°C in a centrifugal concentrator, re-dissolved and filtered through a Whatman 0.45 μm PTFE filter for HPLC analysis.
Flash chromatography: After IAC confirmation of isoflavonoidlike structures, the extract was defatted in n-hexane and fractionated by flash chromatography. Extract (2 g) was processed on an Ace column (Sigma Aldrich, St. Louis, Mo, USA), with diameter and length 10 × 460 mm and silica gel 60 (Merck, Darmstadt, Germany). Elution was completed in 11 steps with the following solvents and their mixtures: (1) dichloromethane -CH 2 Cl 2 100%;
(2) CH 2 Cl 2 : ethyl acetate -EtOAc 0:20; (3) CH 2 Cl 2 : EtOAc 60:40; Cytotoxicity assay: The compounds and dry extract residues were solubilized in DMSO in concentration of stock solution 50 mg/mL. Serial 2-fold dilutions of extracts were tested in final concentrations ranging between 0.125 and 32 µg/mL (n=9) preceded by screening using 10-fold dilutions. Human breast adenocarcinoma (MCF-7), colorectal carcinoma (HCT-116), and normal fibroblast (MRC-5) cell lines were obtained from the American Type Culture Collection (ATCC). MCF-7 and HCT-116 were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum and MRC-5 was grown in EMEM medium supplemented with 10% FBS, 7.5% sodium bicarbonate, 1% 0.1 mM non-essential amino acids, 1 M HEPES, 1% 200 mM L-glutamine and 1% penicillin. All cell lines were kept at 37°C in 5% CO 2 .
The cytotoxic activity of individual compounds and extract was determined by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay as previously described [9a] . Cells were seeded into Nunc 96 MicroWell plates at a density of: 3.5·10 3 (MCF-7); 3·10 3 (HCT-116); 3·10 3 (MRC-5) per well and allowed 24 h to adhere before extracts were introduced. After 72 h exposure, MTT was added to each well (final concentration 400 µg/mL). Incubation at 37°C for 4 h allowed its reduction to insoluble formazan product by viable cells. For subtraction of blank (background) readings, medium was aspirated and formazan in each well was solubilized in 150 µL DMSO. Absorbance was read on a PerkinElmer EnVision plate reader at 555 nm. Half maximal inhibitory concentration (IC 50 ) values were obtained by fitting the experimental data to a sigmoidal dose-response model in Graphpad Prism software. Resulting IC 50 values are means ± SD of 3 independent trials performed in triplicate.
